Introduction
Infragravity waves, motions with periods of nominally 0.4-4 min, are believed important to harbor oscillations, sediment transport, and other nearshore processes. A strong correlation between the energy levels of infragravity waves and swell indicates that infragravity waves are driven by swell (Munk [1949] , Tucker [1950] , and many others). Longuet-Higgins and Stewart [1962] suggested that while the incident swell is dissipated by breaking in very shallow water, the associated infragravityfrequency second-order forced waves (excited by nonlinear difference-frequency interactions of pairs of swell components) are somehow released as free waves and reflect from the beach. These seaward propagating free waves may reflect back toward shore from a turning point on the sloping beach or shelf (i.e., edge waves) or radiate into deep ocean basins (i.e., leaky waves). Idealized models were subsequently developed for the resonant excitation of edge waves by nonlinear differencefrequency interactions of pairs of obliquely incident swell components [e.g., Gallagher, 1971; Foda and Mei, 1981] . Wave breaking was neglected in Gallagher's [1971] model, but laboCopyright 1995 by the American Geophysical Union.
Paper number 95JC02680.
0148-0227/95/95JC-02680505.00 ratory experiments with wave breaking nonetheless exhibit the gross properties of the predicted edge wave excitation [Bowen and Guza, 1978] . Symonds et al. [1982] subsequently showed that slow oscillations in the wave setup (associated with slow variations of the breakpoint location of groupy incident swell) can also drive infragravity waves. This mechanism, which requires wave breaking, has been heuristically incorporated in models for infragravity wave generation by normally incident waves [e.g., List, 1992; Schiiffer, 1993] . Existing infragravity wave generation models are not generally applicable to the random and directionally spread wave fields observed on natural beaches, and detailed quantitative comparisons with field data have not been reported. The effect of wave breaking on resonant nonlinear wave interactions and the relative importance of breaking-wave-induced setup variations to infragravity wave generation are still poorly understood.
Infragravity motions observed on the continental shelf in depths ranging from 8 to 200 m are a mixture of forced waves that are accurately predicted by second-order nonlinear wave theory and (usually more energetic) free waves radiated from shore [Hasselmann, 1962] for infragravity wave generation by swell interactions in shallow water shoreward of the array, and a WKB approximation for the spectral transformation of shoaling incident swell and seaward radiated infragravity waves. Because very little is known about the breaking of natural, directionally spread, incident waves, surf zone forcing and dissipation effects were not included in the infragravity wave predictions. Cross-shore fluxes of energy are discussed in section 3. WKB theory predicts that the directionally broad infragravity wave field radiated from shore is predominantly refractively trapped on the continental shelf. The observed ratios between the seaward and shoreward components of the cross-shore infragravity wave energy flux are scattered about the theoretical value 1 for inviscid trapped waves. However, observed systematic deviations from 1 suggest that high-mode edge waves on the shelf are damped in the presence of energetic swell and that remotely generated waves contribute significantly to the infragravity band when local swell energy levels are relatively low. The results are summarized in section 4. mated from the array measurements using a technique Interactions between swell components propagating directly onshore force onshore propagating infragravity waves. However, if the infragravity frequency f2 -f• is small compared with the swell frequencies f•, f2, then Ik2 -kxl << Ikxl, Ik21 and even slight obliquity of the incident swell can yield an infragravity wave propagating at a grazing angle relative to the shoreline. The nonlinearly excited infragravity wave field is expected to be directionally broader than the incident swell and refractively trapped close to shore (Figure 2b and section 3) .
The forced infragravity wave field excited by a spectrum of surface gravity waves in arbitrary water depth h follows from a perturbation expansion of the governing equations and boundary conditions to second order [Hasselrnann, 1962] (11)). As is detailed in Appendix B, the measured frequency-directional spectrum of swell in 13-m depth was transformed to shallow water with linear shoaling and refraction theory. Second-order finite depth theory was then applied to the shallow water swell spectrum to predict the frequency-directional spectrum of forced shoreward propagating infragravity waves. This forced wave spectrum was subsequently reflected from the beach and transformed back to the 13 m depth array, accounting for unshoaling, refraction, and trapping effects with a WKB approximation. 
Discussion
The dependence of the infragravity wave field on incident swell propagation directions in general, and in particular the generation of opposing alongshore energy fluxes suggested by the observations (Figure 1 The ratio Jr7IG/K'IG decreases during the most energetic SseatS shore swell events (Figure 5a ; swell variances > 2 x 10 3 cm2). In these few cases with significant swell wave heights of 2-4 m, the surf zone extended more than 1 km offshore (i.e., close to the array site) and locally forced infragravity waves were readily detectable (Figures 1 and 2 Second-order finite depth theory is singular at the shoreline, and thus cannot be used to predict absolute infragravity energy levels, but the energy distribution in frequency-direction space of infragravity waves radiated from asymptotically shallow water is shown to be a function only of the (deepwater) frequency-directional spectrum of incident swell, independent of the depth where the forced waves are released. Although the effects of wave breaking on the generation and propagation of infragravity waves are neglected, predictions of the relative contributions of upcoast and downcoast propagating waves to the alongshore infragravity energy flux are in good agreement with observations (Figure 3) .
The theory also predicts that infragravity waves are typically radiated seaward at oblique angles and refractively trapped on the continental shelf (Figures 2b and 4b) , consistent with the observed roughly comparable contributions of seaward and shoreward propagating waves to the cross-shore infragravity energy flux (Figure 5a) . However, the observed dominance of seaward propagating infragravity waves during high-energy swell conditions suggests that high-mode edge waves are damped on the shelf . On the other hand, the directionally narrower, predominantly shoreward propagating infragravity waves observed with low-energy swell ( Figure 5) shows the importance of infragravity waves arriving from remote sources.
The WKB-continuum approximation used here to model the propagation and trapping of infragravity waves is not applicable to low-mode edge waves, and further work is needed to quantitatively assess the importance of wave breaking to both infragravity wave generation and the subsequent propagation and damping. The qualitative model-data comparisons presented here nonetheless lend strong support for the basic hypothesis that quadratic nonlinear interactions of swell drive free infragravity waves, and they confirm more recent suggestions that the seaward radiated infragravity waves are directionally broad and, to a significant degree, refractively trapped on the continental shelf. 
